[1] This is the first report of the most comprehensive 630.0 nm airglow limb images taken using Imager of Sprites and Upper Atmospheric Lightnings (ISUAL) onboard FORMOSAT-2. The limb scans reveal two distinct airglow layers: the upper one corresponds to the thermospheric O( 1 D) emission and the lower one corresponds to the OH (9-3) emissions. Sequences of such observations are combined to generate altitude-latitude maps of the emissions, which reveal intensity enhancements of both the layers at certain locations where they often appear to be linked/joined vertically. A detailed analysis of the location and occurrence of the enhancements in the entire observations, together with simulations of the emissions suiting the ISUAL limb geometry are carried out to understand the causes and related processes.
Introduction
[2] Airglow emissions have been widely used to understand the chemical and dynamical processes controlling the state of the upper mesosphere and lower thermosphere [Chakrabarti, 1998] . By monitoring selected emissions as a function of space and time, one can study such processes and their temporal and spatial evolutions. The atomic oxygen emission at 630.0 nm is one of the most prominent lines in the airglow spectrum that has been extensively studied using ground based photometers [Greenspan, 1966; Nelson and Cogger, 1971; Bittencourt and Sahai, 1979; Herrero and Meriwether, 1980; Burnside and Tepley, 1990; Chu et al., 2005] , and all sky cameras [Weber et al., 1978; Mendillo and Baumgardner, 1982; Sahai et al., 1994 Sahai et al., , 2000 Fagundes et al., 1999; Taylor et al., 1997; Kelley et al., 2002; Sinha et al., 2003; Martinis et al., 2003; Mukherjee, 2003; Pimenta et al., 2003; Makela et al., 2004; Mendillo et al., 2005; Rajesh et al., 2007] . The major source of the 630.0 nm in the nighttime ionosphere is the dissociative recombination and its intensity is proportional to the plasma density [Peterson et al., 1966; Link and Cogger, 1988] . Also, the emission is sensitive to F layer height variations [Nelson and Cogger, 1971; Bittencourt and Sahai, 1979; Herrero and Meriwether, 1980] . These features make the 630.0 nm airglow an ideal tracer of ionospheric variations and thermosphericionospheric interaction. In addition to this atomic oxygen emission, the 630.0 nm region also have a spectral contribution from the mesospheric heights from the OH(9 -3) vibrational transitions at 628.7, 629.8, and 630.6 nm [Burnside et al., 1977; Mende et al., 1993] .
[3] In order to study the thermospheric-ionospheric phenomena and its variability, long-term airglow observations are required. Space shuttle or satellite programs are best suitable for such investigations. The earlier space shuttle measurements [Torr et al., 1985; Swenson et al., 1989] had only limited spectral coverage. Mende et al. [1993] provided the limb spectrum of the visible airglow covering altitudes below 150 km using observations made onboard a space shuttle orbiting at 250 km. Their 630.0 nm results showed strong OH(9 -3) contribution. One of the successful missions that made nadir integrated measurements at 630.0 nm was Orbital Geophysical Observatory (OGO 4 and 6) launched in the sixties, which revealed several interesting features such as the longitudinal patterns in the 630.0 nm distribution and its relationship with meridional wind [Thuillier et al., 1976] . Similarly, ISIS-II mission carried a red line photometer that made 630.0 nm mapping from the spin-stabilized spacecraft [Shepherd et al., 1973] . The WIND Image Interferometer (WINDII) onboard the Upper Atmospheric Research Satellite (UARS) also provided a few OI 630.0 nm limbviewing observations [Thuillier et al., 2002] , confirming the OGO results.
[4] There had been no satellite mission after WINDII (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) to measure the 630.0 nm emission until the launch of FORMOSAT-2 in May 2004, which is equipped with Imager of Sprites and Upper Atmospheric Lightnings (ISUAL), featuring a filter-wheel-controlled camera including the 630.0 nm band [Chern et al., 2003] . Though the ISUAL is primarily designed for the limb-viewing studies of transient luminous events (TLE) induced by thunderstorm activities [Kuo et al., 2005; Adachi et al., 2006; Liu et al., 2006] , it also provides the limb images of upper atmosphere at different wavelengths as the FORMOSAT-2 tracks from the South Pole to the North Pole in the night hemisphere. Depending on the satellite pitch angle, ISUAL could image an altitude range between 30 km to over 330 km while also providing a significant latitudinal coverage. Currently it might be the only space-borne instrument taking the limb images of the upper atmosphere in the visible band.
[5] This is the first report of the ISUAL observations of the upper atmospheric visible airglow, especially at 630.0 nm. In this work we describe the 630.0 nm ISUAL images, revealing latitudinal distribution of the emission, enhancements and intensity variations, and contribution from different altitudes. Detailed simulations of the emissions corresponding to the instrument viewing geometry are carried out to explain the observed features, in particular the enhancements and their altitudinal joining.
Observation
[6] FORMOSAT-2 makes 14 revolutions around the Earth per day from its sun-synchronous, circular, polar orbit (inclination 98.99°) at an altitude of about 891 km. There are three sensor packages in the ISUAL payload including an intensified CCD imager, a six-channel spectrophotometer, and a dual-band array photometer. In this work the 630.0 ± 3.5 nm CCD images taken during the period January 2007 to March 2008 are used. The imager has a horizontal field of view (FOV) of 20°and a vertical FOV of 5°, with a corresponding pixel dimension of 516 Â 128. In addition to the 630.0 nm channel chosen for the present study, the CCD imager can also record emissions at 5 other wavelength channels (for further details refer to Chern et al. [2003] ).
[7] Figure 1a displays the typical viewing geometry of the ISUAL. The tangent heights of the lines of sight from the bottom and top pixels of a given column cover an altitudinal range from $30 km to $330 km, which include the O( 1 D) 630.0 nm emission from the thermosphere as well as the OH(9 -3) bands from the mesosphere. Both these emissions are within the ISUAL bandwidth. Figure 1b [8] Figure 1c shows a sample 630.0 nm limb image taken at about 2342 UT on 27 September 2007 corresponding to the scan highlighted in black in Figure 1b . The vertical pixels cover about 300 km of altitude and the horizontal pixels enclose a latitude region of about 10°, where the intensity at each pixel is the integrated value along the lines of sight passing through a range of longitudes and altitudes. The image reveals two distinct layers of the emission, centered at different altitude levels. The upper layer is wide, but is not seen over the entire latitudes covered by the horizontal pixels. By contrast, the lower layer is narrow and exists throughout the horizontal FOV of the image. The arc shape of the layers follows the curvature of the Earth. As depicted in Figure 1a 
and the OH(9 -3) layers are seen at those pixels whose lines of sight reside longer distance in these emissions near their tangent point. In the region between the two layers the intensity comes from the lines of sight that penetrate through the O( 1 D) layer above and/or below the corresponding tangent height. This contributes in the vertical linking of the layers. Similarly, the lines of sight corresponding to the lower pixels intercept small portions of the OH(9 -3) and the O( 1 D) layers, and give rise to the OH(9 -3) enhancement as well as the intensity seen at altitudes much below OH(9-3) emission peak.
[11] Figure 3 displays a set of selected altitude-latitude maps of the 630.0 nm emission taken over different satellite tracks that exhibit typical enhancement features and vertical linking. All the images show the OH(9 -3) layer with [Thuillier et al., 1976 [Thuillier et al., , 2002 Wiens et al., 2004] . Figure 3a represents the equinox condition with the emission increasing toward equator, while Figures 3b -3f correspond to the northern winter season where the intensity appear stronger than that in the corresponding southern hemisphere. In Figure 3e , the emission in the southern hemisphere, which is the winter hemisphere, appears to be brighter.
[12] Thus, the overall O( Figure 3c and the other one between 25 and 40°N in Figure 3f , which are unlikely to be caused by background electron density. In the case of Figure 3c there were slightly disturbed geomagnetic conditions with the kp values more than 3 for three consecutive periods and Dst index below À50 nT. There was a minor geomagnetic storm in the previous night (20 November 2007), with Dst about À71 nT. For the enhancement in Figure 3f , there is no any geomagnetic disturbance during this period. Similarly, in Figure 3d , there are two OH(9 -3) peaks without any significant O( 1 D) peaks, indicating that the enhancement is related to an increase in the OH(9-3) emission itself and not the result of line of sight integration. Also, there is a strong layer of enhanced emission below 50 km altitude in Figure 3f , with no such strong or extended peak at higher altitudes. Moreover, the vertical joining in this case appears to be tilted. Note that the lines of sight corresponding to this observation pass through the South Atlantic Anomaly (SAA) region.
Simulation
[13] As illustrated above, the ISUAL observations sometimes reveal enhancements of O( 1 D) and OH(9 -3) emissions during disturbed and quiet periods, and also over the SAA region. Such enhancements could be related to TID's, precipitation of charged particles and/or neutral atoms, tides or gravity waves. In some cases, the vertical joining due to line of sight integration appears to be tilted. To understand the cause mechanism of such enhancement features and joining, detailed simulations of O( 1 D) and OH(9 -3) emissions are carried out for the observations taken on 27 September 2007. On the basis of the viewing geometry in Figure 1 , the latitude, longitude, and altitude of different points along the line of sight for each pixel is determined. International Reference Ionosphere (IRI-07) model [Bilitza, 2001] and Mass Spectrometer Incoherent Scatter Radar (NRLMSISE-00) model [Hedin, 1991] are used to obtain the plasma and neutral parameters at these locations corresponding to the time of observations, and volume emission rates of the O( 1 D) and the OH(9 -3) transitions are calculated. The O( 1 D) emission is simulated using the coefficients given by Link and Cogger [1988] , while the OH(9 -3) simulations are based on Makhlouf et al. [1995] . The limb images are reconstructed by integrating the volume emissions over a longitude region of about 45°, in approximately 1°segments, so that the major source regions of the emissions are well within the volume used for calculations. Figure 4 displays the background input electron density as well as atomic oxygen density used for the simulations at three different longitudes, one near the satellite location, one at the tangent plane, and one near the end of the lines of sight. The electron density shows a peak right above the magnetic equator, and appears to weaken from the satellite location along the lines of sight. On the other hand, the atomic oxygen density is concentrated over a narrow altitude region in between 80 and 150 km, and has little spatial variation.
[14] To confirm whether the emission peaks could be caused by some precipitating energetic particles, which increase plasma as well as neutral densities, or the effect of traveling disturbances producing localized plasma enhancement, the simulations are also repeated by introducing artificial enhancements in the densities at different altitudes. First, the plasma density is increased in between 200 and 300 km altitudes to see the effect of any ionization by some external particles or dynamics in this region. Similarly, the atomic oxygen density is increased in between 60 and 95 km in order to reproduce the result of possible neutral density modification in this region. The combined effect of these two cases is also simulated. The simulations are also done with the artificial enhancements of plasma density, atomic oxygen density, as well as the combination of the two, over all the altitudes covered by the lines of sight. In addition to these, the entire sequences of artificial density enhancements are repeated for a different latitude scan where a slight equatorward shift is given to the satellite yaw angle. This is to check if satellite attitude plays any role in producing the tilted joining.
[15] Results of the simulations without applying any density enhancements are given in Figure 5 , where a sequence of selected 28 individual scans as well as the combined image of the entire simulations is displayed. The simulations not only show both the O( 1 D) and OH(9 -3) layers, but reproduce the enhancements as well as their joining. The general features revealed in the individual scans as well as the combined image are similar to that seen in the observations (Figure 2) , though the location of the enhancement is different. This could be due to the differences in the actual atmospheric density distribution and other background parameters from those used for the simulations.
[16] Figure 6 gives the results of repeating the simulations by introducing artificial enhancement in plasma and neutral densities between 25 and 35°S latitudes. atomic oxygen density between 60 and 95 km altitudes by a factor of 10, keeping other parameters unchanged. This produces a strong layer of OH(9 -3) emission in these latitudes that extends down to 50 km altitude. Note that there is no corresponding enhancement of the O( 1 D) layer or any vertical joining in this simulation. Figure 6c is the combined effect of the above two simulations (plasma density enhanced between 200 and 300 km and oxygen density between 60 and 95 km), which again shows strong enhancement of both the layers as well as their vertical joining.
[17] Figures 6d-6f in Figure 6 are similar to Figures 6a -6c, except that the density enhancements are introduced over all the altitudes intercepted by the lines of sight passing through 25-35°S latitudes. The results do not reveal any significant differences in the enhancement or joining features from those in Figures 6a -6c . Similar simulations as described above were repeated by introducing artificial density enhancements between 25 and 35°N latitudes and the results are arranged in Figure 7 . There is an equatorward shift for the satellite yaw angle in this case. The noticeable difference here is that there is a slight shift in the latitudes of the peaks in the O( 1 D) and the OH(9 -3) layers when the plasma density is increased between 200 and 300 km altitudes, reproducing the tilted joining feature.
[18] The results in Figures 6 and 7 confirm that the equatorial enhancement in O( 1 D) is related to the background plasma density and that the midlatitude peaks in O( 1 D) emission and a corresponding enhancement of OH(9 -3) from line of sight integration could be produced if there is an increase in the plasma density in the 200-300 km region. Also, the OH(9 -3) peaks without any O( 1 D) enhancement are possible if the atomic oxygen density is increased in the region below 100 km. The tilted joining is caused by a slight equatorward yaw angle in the instrument view while taking those limb scans. As a result, the lines of sight from pixels corresponding to different tangent heights meet the emission at different latitudes, producing a shift in the locations of the O( 1 D) and OH(9-3) enhancements and hence the tilted joining.
Discussion and Conclusion
[19] The observations and simulations demonstrate the role of the ISUAL viewing geometry, and the increase of plasma and/or oxygen density in producing the enhancements and the joining features. The vertical joining or linking of the emissions is an artifact of the geometry, as the lines of sight that contribute to the intensity at each pixel traverse either the O( 1 D) or OH(9 -3) emissions or both. Depending on the satellite attitude, this joining could appear tilted. The geometry is also responsible for the OH(9 -3) enhancement, which is associated with a corresponding O( 1 D) enhancement and vertical joining. However, the cases of OH(9 -3) enhancements without O( 1 D) are confirmed to be caused by an increase of atomic oxygen densities below 100 km region in the simulations. In other words, an O( 1 D) enhancement caused by enhanced plasma [Colerico et al., 1996; Burnside and Tepley, 1990; Thuillier et al., 1976 Thuillier et al., , 2002 Wiens et al., 2004] . Though the Equatorial Ionization Anomaly generally weakens toward midnight, any remaining ionization could also contribute. During geomagnetic disturbances, precipitation of energetic charged particles could increase ionospheric plasma density [Baker et al., 1987; Lin and Yeh, 2005; Dmitriev and Yeh, 2008] , and hence the O( 1 D) intensity, especially in the midlatitudes. TID's, often associated with geomagnetic activity, also modify plasma density [Bowman, 1977; Hocke and Schlegel, 1996; Shiokawa et al., 2003] . Another possible external source of ionization that could produce the O( 1 D) enhancements in the midlatitudes is the energetic neutral atom (ENA) precipitation [Torr and Torr, 1984; Roelof, 1987] . Though ENA induced airglow enhancements are noticed during geomagnetic disturbances [DeMajistre et al., 2005] , Tinsley et al. [1994] reported such events under quiet magnetic conditions at middle and low latitudes.
[21] Most of the observed OH(9 -3) enhancements in Figure 8 events of OH(9 -3) enhancements in the absence of any corresponding O( 1 D) enhancement indicate the response of photochemistry to mesospheric atomic oxygen density modifications. Note that the lines of sight contributing to the integrated images described here mainly intersect the 2200 local time to postmidnight sectors. Downward transport of atomic oxygen due to increased eddy diffusion by tides or gravity waves has been shown to enhance the OH emission around midnight, especially in winter months [Takahashi et al., 1977] . Dynamics influence on the atomic oxygen density, affecting airglow emissions, is demonstrated by Shepherd et al. [1999] . Diurnal and semidiurnal tide also could significantly change the OH intensity [Takahashi et al., 1984 Scheer and Reisen, 1998; Zhang et al., 2001; Lopez-Gonzalez et al., 2005] . Though, tides and gravity waves could modify the OH(9-3) emission, producing peaks even in the absence of any corresponding O( 1 D) peaks, the strong emission layer below 50 km seen over SAA region is unlikely by such processes. One could speculate that ENA precipitation could increase the atomic oxygen density at altitudes below 100 km, and produce such OH(9 -3) enhancements, depending on the energy of the precipitating particles. However, detailed investigations of the input energy and flux are necessary to understand how such events could affect the neutral density and photochemistry in the lower altitudes. Further studies could shed light into possible precipitation events and dynamics and their impacts on the energetics and dynamics of the lower thermospheric region.
[22] Note that the latitudinal coverage for the Northern and Sothern hemisphere used in Figure 8 are not uniform for all the observations, with the scans sometimes limited to about 5 -20°S during the Northern winter and equinox months, while in most of the cases the scans cover beyond 30°N. This might bias the distribution of the O( 1 D) peaks with respect to the equator, especially if some of the O( 1 D) enhancements are related to the meridional wind abatement or reversal around midnight, which occurs more in the summer hemisphere [Burnside and Tepley, 1990] . The altitude of the plasma density modulation is also important in the production of O( ) and OH(9 -3) enhancements could be related to the different processes controlling them. However, there is lack of enough observations in the Southern latitudes to comment on such differences, especially near 20°S. Further analysis with more observations over all the satellite tracks, uniformly covering both the hemispheres, is required to understand the latitudinal and longitudinal distribution of the enhancements.
[23] In conclusion, the enhancements in the ISUAL 630.0 nm limb images near the equatorial region comes from the nighttime ionization, while the atmospheric dynamics and/or energetic particle precipitation could cause such features in the midlatitudes and also in the SAA region. The results demonstrate the potential of ISUAL limb images in investigating both neutral and charged particle precipitation events and the global coverage provides the opportunity to study large-scale structures such as TID, and dynamics related to neutral wind, tides, gravity waves, etc., using their airglow signatures.
